Biological composites offer self-healing properties, biocompatibility, high responsivity to external stimuli, and multifunctionality, due, in part, to their complex, hierarchical microstructure. Such materials can be inexpensively grown, and self-assembled from the bottom up, enabling democratized, sustainable manufacturing routes for micro-and nano-devices. While biological composites have been shown to incorporate rich photonic structures, their phononic properties have hitherto remained unexplored. In this study, we demonstrate that biological composites in the form of micron-thick decellularized onion cell scaffolds behave as an organic phononic material, with the presence of band gaps forbidding the propagation of elastic waves in select frequency ranges. We show that
the onion cells' phononic properties can be phenotypically tuned, and anticipate these findings will yield new biologically-derived, "green," and genetically tailorable phononic materials.
From a sustainability perspective, it is critical that existing technologies incorporating inorganic compounds, such as rare earth metals, be replaced with biodegradable and recyclable organic materials. 1 Because of this, the development of biological composites has become a societal necessity. 2,3 As an added value, biological composites also offer self-healing properties, 4 biocompatibility, 5 high responsivity to external stimuli for applications such as sensing and soft robotics, 6,7 and multifunctionality (for instance, as is exemplified by butterfly wings having both structural coloration 8 and superhydrophibicity 9 ). In contrast to inorganic systems, which are typically fabricated using non-scalable top-down approaches (where the fabrication time scales cubically with the system to microstructure size ratio), biological composites exhibiting complex structural hierarchy can be grown, and scalably self-assembled from the bottom up. 10,11 Such naturally-occurring structural hierarchy makes biological composites a class of uniquely transformative materials for bridging functional nanocomposites to macroscale integrated devices in a green manner. 12 Within the context of biological composites, a wide array of systems with rich functionalities have been implemented, such as cellulose-based flexible electronics, 13 plasmonic wood, 14 wool-based nano-patterns, 15 lasers, 16 and DNA-based mechanical metamaterials. 17 Yet harnessing the power of biological composites to control elastic waves has remained an unmet challenge, partly because, in contrast with visible photons, there has been no observation of phonon-based biological function at the supramolecular scale. In the past decade, the use of inorganic, man-made composites, often referred to as phononic materials, 18 have enabled manipulation of elastic waves across frequencies ranging from tens of Hz to a few THz, with applications ranging from seismology to thermal transport, respectively. 19 As a result of their structural features, inorganic phononic materials have been shown to exhibit unique properties such as negative Young's modulus, mass density, and refraction. 20 Integration of these materials in ultrasonic biosensors has provided sensitivity enhancements 21,22 and enabled diagnostic applications. 23 Miniaturized lab-on-a-chip devices for fluid shaping, 24,25 nebulization, 26 tweezing, 27 and streaming and sorting 28 have all shown benefit from the introduction of phononic microstructures. The use of phononic materials in ultrasonic signal processing, such as the SAW filters which are ubiquitous in modern communication devices, 21 has been shown to reduce device size and enable functionalities such as wave guiding and logic. 29
However, these inorganic phononic materials operating at high frequencies (MHz and above) are subject to several major limitations, namely manufacturing scalability, 30 fragility, sustainability, and biocompatibility. Leveraging the ability of biological composites to be grown rapidly, inexpensively, en masse from renewable resources would allow building biodegradable and recyclable phononic materials, and facilitate the democratization of state-of-the-art technologies in the areas of sensing, microfluidic control, acoustic signal processing, and potentially even thermal control materials. Moreover, in contrast to their inorganic counterparts, biological materials are soft, stretchable, and inherently biocompatible, making them uniquely suited to translate the above-mentioned applications into wearable sensors, 31,32 health-care devices, 33 and human augmentation devices. 34 Indeed, the discovery of piezoelectricity in plants 35 suggests the possibility to create purely biological SAW devices with phononic material enhanced functionalities. We also envision these biocompatible phononic materials could used in ultrasonic biomedical imaging 36 and waveassisted regenerative medicine applications 37 as integrated signal focusing and localization devices 38 or acoustically-encoded reporters. 39 We note that a prior claim of phononic band gap observation 40 in a biological composite was later found to be erroneous 41 . In this paper, we demonstrate that biological composites in the form of decellularized plant cell scaffolds can behave as phononic materials, including forbidding the propagation of elastic waves in select frequency ranges (i.e. band gaps). Our discovery of phononic behavior in biological composites, in particular, plants, shows how biology can be directly used to transfer the existing physics of phononic materials into scalably manufacturable, biocompatible, sustainable, and democratizable forms.
Our biological composite is composed of a micron-thick onion cell epidermis with slender cell walls extruding up from it that resemble blind bore beehive structures, and is adhered to a glass substrate. We measure the dispersion of sub-GHz surface acoustic waves (SAWs) in the onion composite, and reveal their interaction with compressional and flexural resonances of the wall structure, which open deep and wide band gaps. We also demonstrate that the SAW dispersion can be phenotypically controlled by selecting plants at different developmental stages. We thus foresee that, in the long-term, synthetic biology, whereby artificial devices are built from biological parts (cells, DNA strands...), 42 and the ability to tailor the genome by controlled mutations or gene editing, 43 could provide a plausible, scalable manufacturing route for future phononic materials design.
Fresh onion scales were selected from different depths of an onion bulb, as is shown in Fig. 1a . The outer half of selected layers was peeled off and dehydrated over 1-2 days at 4 • C prior to testing (Supplementary note 1). Figure 1b shows optical microscope images of the peeled organic layers, which show different phenotypes corresponding to different developmental stages (indexed as a function of consecutive layer number, starting from the outermost epidermis). The scales were placed onto a photoacoustic transducer composed of a 100 nm layer of gold coated onto a thick 1 mm glass substrate, as is illustrated in Fig. 1c .
The remaining cell walls, constituting the bottom of the onion scale and the vertically protruding walls, resemble a borehole beehive structure. We show a 3D profilometry image of a representative sample surface in Fig. 1d , as well as typical line profiles recorded along the minor and major axes of the cavities in Fig. 1e (which corresponds to the sample shown in Fig. 1d ). The surface topography of the decellularized epidermal layers reveals that the vertical portions of the cell walls decrease in size (height and full width at half maximum) as a function of the age of the layer, ranging from about 16 µm × 30 µm for the oldest layer to 3 µm ×10 µm for the youngest layer, as is shown in Fig. 1f .
To analyze the sub-GHz acoustic properties of this organic structure, we illuminate the bottom of the metal film with a pulsed laser (400 ps pulse duration, 532 nm wavelength, and 1.0 mW average power) focused to a ∼ 10 µm diameter spot ( Fig. 1c and Supplementary note 2). The subsequent rapid thermoelastic expansion in the metal generates propagating SAWs with a broad frequency spectrum extending up to 400 MHz. We use the referred to as "bare").
During its propagation, the SAW sets the onion epidermis atop in motion, and this coupled movement alters the SAW dispersion. To show this, we plot snapshots of the traveling SAWs in Fig. 2a , filtered to display wave propagation in three limited frequency ranges (Supplementary note 3). We observe very low acoustic amplitude u f i (x, y) in the 160-180 MHz range, compared to the other two frequency ranges. Such frequency dependence is not present for SAWs propagating across the bare substrate. In Fig. 2b , we plot the acoustic power P f i = x,y |u f i (x, y)| 2 calculated at each frequency f i , for the bare substrate (black) and for the onion epidermis characterized in Fig. 2a (dashed red line) at a time t ∼ 50 ns. This plot indicates the presence of a phonon stop band, or resonant attenuation zone, in the 160-180 MHz range with 94% extinction compared to the bare substrate caused by the presence of the organic layer.
To better understand this observation, we calculate the acoustic dispersion curves |ũ(k r , θ, f )| using a 2D Fast Fourier Transform (FFT) in the radial wavevector-frequency domain k r -f for each angular direction θ (see Fig. 1g and Supplementary note 3). of Fig. 2e . The ridges are given the effective elasticity of dry cell walls (Supplementary note 4). 52 From our simulated spatiotemporal diagrams, we plot the dispersion curve of the SAWs using a 2D FFT, as is shown in Fig. 2e . Our computational analysis reveals two wide gaps (denoted by white and red dashed lines) between 150 and 250 MHz, which qualitatively supports our observation of band gaps in this frequency range. The complexity of the time-domain modes shapes (see inset of Fig. 2e ) suggests that the gaps we observe originate from the hybridization of the propagating SAW with an abundance of closely-spaced multi-resonant modes (both flexural and compressional), similar to what has been observed for Lamb waves in macroscale inorganic locally resonant acoustic metamaterials. 53 We note that, in contrast to typically locally resonant metamaterials where the resonators are uncoupled, because of the inter-resonator connectivity (corresponding to the beehive structure) in the physical sample, we expect the hybrid mode with a horizontally-asymptotic branch induced by local resonances to revert to a propagating mode with a non-zero dispersion curve at high k. 54 The multiresonant nature of the ridges could be leveraged to realize locallyresonant metamaterials that have increased tunability with minimal structural complexity, in comparison to phononic crystals or metamaterials having a single local resonance.
The structure of plants, which is one element of their phenotype, can be controlled by environmental or genetic cues. Such modifications, which have enabled crop optimization, are also at the core of plant synthetic biology. 55 To illustrate the ability to control the structure of the organic resonators without any physical or chemical intervention, we select epidermises at different developmental stages. As the plant grows, the phenotype changes and the ridges become thicker and higher and further spaced, as observed in the profilometry images ( Fig. 1f ). In Fig. 3a , we plot the spatial average of the displacement amplitudẽ u av (f ) = kr,θũ (k r , θ, f ) calculated at each frequency, normalized by the response of the bare substrate for seven layers of increasing age from the same onion bulb (Supplementary note 3). We observe a gap whose center frequency decreases with the age of the epidermis by up to a factor of two, from ∼230 MHz to ∼120 MHz (denoted by the solid red line in Fig. 3b ).
Among the different parameters that can influence the gap tunability, let us first discuss the influence of the geometry of the cell wall (resonators) and consider a simple analytical description. Rayleigh waves, having an elliptical polarization, are known to hybridize strongly with compressional resonances. 49 We thus estimate the frequency f = v L L /4h of the first out-of-plane compressional mode (organ-pipe mode) of a continuous onion pillar, where v L L = 3400 m/s is the average longitudinal sound speed measured in onion cells at high frequencies 56 and h is the height of the ridges measured by profilometry. We plot in Fig. 3b the frequency of this mode as a function of normalized ridge height and developmental stage (dotted red line). We observe a qualitative agreement in the frequency range and trend of the measured gaps as a function of ridge height, illustrating that the increase in the height of the vertical portions of the wall, as a result of tissue growth, correlates to a decrease in the gap frequency. Similarly, a decrease in the average stiffness of the epidermis could also result in a decrease in the gap frequency. The plant cell wall is mainly composed of highly oriented cellulose microfibrils cross-linked by hemicelluloses, embedded in a hydrated gel-like matrix of pectins. 57-59 To regulate cell growth, new layers of cellulose are deposited with highly oriented microfibrils, which result in older cell walls being stiffer. We suggest that this change in elasticity may partially counteract the ridge-height-induced decrease in band gap frequency with increasing cell age.
We also quantify the width of the band gap (whose edges are defined as 70% of the average amplitude level outside of the gap) and plot it as a function of the developmental stage (indexed as the normalized height of the organic layers's vertical portions), as is shown by the blue shaded area in Fig. 3b . We see that the gap becomes narrower as the organic layer ages. To investigate this, we consider the spatial density of the resonators. We estimate the averaged spacing Λ between the cells by counting the number of vertical wall portions along the minor axis of the cell on the profilometry images. In Fig. 3c , we plot 1/Λ as a function of normalized ridge height. We see that 1/Λ decreases with the age of the organic layers, i.e. the spatial density of the resonators decreases, which is consistent with the observed narrowing of the band gap with increased age. Our observations show that geometry, stiffness and number of resonators are key in adjusting the features -center frequency and width-of this phenotype-controlled band gap. These parameters of the biological composite could be manipulated by selecting the developmental stage (as we did), or by mutations or gene editing to tune phonon dispersion precisely, opening sustainable routes to engineer scalably manufacturable metamaterials from grown plants.
The growth of oriented microfibrils contributes to cell elongation, and thus a transition from isotropic to orthotropic structure. In some of our samples, we observed directiondependence of the band gap. We plot in Fig. 3d a snapshot of propagating SAWs in the first onion layer (i.e. the oldest), filtered in the 120-140 MHz range. In the lower left quadrant, we see that acoustic energy propagates around -120 • , while no acoustic energy remains after -150 • . To explain this, for each angle θ, which denotes the direction of the radial wave vector, we project the f −k dispersion maps on the f -axis to obtain the average displacement amplitude as a function of angle, as is shown in Figs. 3e,f (see Supplementary note 3).
For the bare substrate ( Fig. 3e) , we observe two regions with low energy around 100 • and −80 • that are due to a lower sensivity of the laser-deflection probe. This artifact was visible on all the epidermises we probed, as well as on the bare substrate (Fig. 3e) . In contrast, in Fig. 3f , which corresponds to the oldest onion layer we probed, we observe a gap extending almost over all the f − θ map that has a clear θ-dependence. We highlight in Fig. 3f with a white square a region corresponding to the lower left quadrant in Fig. 3d (between -180 and -90 • ). There, we observe that the gap opens and closes successively in the 120-140 MHz range, supporting the observation we made in the filtered image (Fig. 3d) .
While natural anisotropy of the plant epidermis can lead to such directional band gaps, we note that microfibril reorientation can also be forced by repeated loading cycles (making the epidermis stiffer in the direction of the applied strain. 60 ) Such conditioning may offer yet another means to control plant-based metamaterials. By leveraging the multiple advantages provided by biological composites, we anticipate our advances will lead to a wide range of new green and sustainable microdevices with tailored functionalities. 
